Ecological Studies of Marine Virus and its Viral Lysate by 纪建达
  
学校编码：10384                                                       密级       
学号：22620100153613 
 
 
 
 
 
 
 
 
博 士 学 位 论 文 
 
   
海洋浮游病毒及其裂解产物的生态学研究 
 
Ecological Studies of Marine Virus and its Viral Lysate  
 
 
 
纪建达 
 
 
指导教师姓名：焦念志 教授  
专  业 名 称：环境科学 
论文提交日期：2015 年 5 月 
论文答辩时间：2015 年 7 月 
 
2015年7月
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦门大学学位论文原创性声明 
 
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。
本人在论文写作中参考其他个人或集体已经发表的研究成果，均在文
中以适当方式明确标明，并符合法律规范和《厦门大学研究生学术活
动规范（试行）》。 
另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的
资助，在（               ）实验室完成。（请在以上括号内填写
课题或课题组负责人或实验室名称，未有此项声明内容的，可以不作
特别声明。） 
 
声明人（签名）：             
    年    月    日 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦门大学学位论文著作权使用声明 
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法》
等规定保留和使用此学位论文，并向主管部门或其指定机构送交学位
论文（包括纸质版和电子版），允许学位论文进入厦门大学图书馆及
其数据库被查阅、借阅。本人同意厦门大学将学位论文加入全国博士、
硕士学位论文共建单位数据库进行检索，将学位论文的标题和摘要汇
编出版，采用影印、缩印或者其它方式合理复制学位论文。 
本学位论文属于： 
（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 
（     ）2.不保密，适用上述授权。 
（请在以上相应括号内打“√”或填上相应内容。保密学位论文应是
已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密委员
会审定的学位论文均为公开学位论文。此声明栏不填写的，默认为公
开学位论文，均适用上述授权。） 
 
声明人（签名）：             
    年    月    日
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
I 
 
目录 
摘要 .......................................................................................................... IX 
Abstract ................................................................................................... XI 
第一章 前言 .............................................................................................. 1 
1.1 海洋浮游病毒 ..................................................................................................... 1 
1.1.1海洋浮游病毒的定义及研究意义 ............................... 1 
1.1.2海洋浮游病毒研究的发展历程 ................................. 3 
1.2 海洋浮游病毒的生态学研究 ............................................................................. 4 
1.2.1海洋浮游病毒的丰度及生物量 ................................. 9 
1.2.2海洋浮游病毒对于浮游细菌的致死作用 ........................ 10 
1.2.3海洋浮游病毒对于细菌群落多样性的影响 ...................... 11 
1.2.4海洋浮游病毒裂解产物的生态作用 ............................ 12 
1.3 海洋浮游病毒的基因多样性和基因组研究 ................................................... 16 
1.3.1海洋浮游病毒的基因多样性 .................................. 16 
1.3.2主要检测方法 .............................................. 16 
1.3.3海洋浮游病毒的分离及其基因组研究 .......................... 17 
1.3.4海洋玫瑰杆菌噬菌体 ........................................ 18 
1.4 本研究的内容和意义 ....................................................................................... 19 
第二章 西太平洋典型寡营养海区浮游病毒对浮游细菌的群落结构和
活性的影响 .............................................................................................. 21 
2.1 前言 ................................................................................................................... 22 
2.2 材料和方法 ....................................................................................................... 23 
2.2.1实验位点及流程构建 ........................................ 23 
2.2.2浮游细菌丰度、浮游病毒丰度检测 ............................ 24 
2.2.3浮游细菌生产力的检测 ...................................... 25 
2.2.4 DNA样品收集.............................................. 26 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
II 
 
2.2.5 DNA样品测序及数据分析.................................... 27 
2.3 结果 ................................................................................................................... 28 
2.3.1浮游病毒和浮游细菌丰度、细菌生产力的动态变化 .............. 28 
2.3.2 DNA样品的序列统计........................................ 32 
2.3.3细菌群落多样性和结构组成在不同处理组间的变化 .............. 33 
2.4 讨论 ................................................................................................................... 41 
2.4.1浮游病毒对浮游细菌丰度、活性的影响 ........................ 41 
2.4.2浮游病毒对浮游细菌群落结构的影响 .......................... 42 
2.5 本章总结 ........................................................................................................... 44 
第三章 西太平洋寡营养海区浮游细菌响应病毒裂解产物的变化 .... 45 
3.1 前言 ................................................................................................................... 46 
3.2 材料和方法 ....................................................................................................... 47 
3.2.1实验位点及流程构建 ........................................ 47 
3.2.2浮游细菌丰度、浮游病毒丰度检测 ............................ 48 
3.2.3浮游细菌生产力的检测 ...................................... 48 
3.2.4 DNA样品收集.............................................. 49 
3.2.5 DNA样品测序及数据分析.................................... 49 
3.3 结果 ................................................................................................................... 49 
3.3.1浮游细菌和浮游病毒丰度、细菌生产力的动态变化 .............. 49 
3.3.2 DNA样品的序列统计........................................ 51 
3.3.3细菌群落多样性和结构组成在不同处理组间的变化 .............. 52 
3.4 讨论 ................................................................................................................... 59 
3.4.1病毒裂解产物的收集实验 .................................... 59 
3.4.2浮游病毒裂解产物对浮游细菌丰度、活性的影响 ................ 60 
3.4.3浮游病毒裂解产物对浮游细菌群落结构的影响 .................. 61 
3.5 本章总结 ........................................................................................................... 62 
第四章 厦门近岸富营养海区浮游细菌对于病毒裂解产物的响应 .... 64 
4.1 前言 ................................................................................................................... 65 
4.2 材料和方法 ....................................................................................................... 66 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
III 
 
4.2.1实验位点及流程构建 ........................................ 66 
4.2.2浮游细菌丰度、浮游病毒丰度检测 ............................ 66 
4.2.3溶解有机碳的检测 .......................................... 66 
4.2.4 DNA样品收集.............................................. 67 
4.2.5 DNA样品测序及数据分析.................................... 67 
4.3 结果 ................................................................................................................... 68 
4.3.1浮游细菌和浮游病毒丰度的动态变化 .......................... 68 
4.3.2培养实验中 DOC 浓度变化 ................................... 69 
4.3.3 DNA样品的序列统计........................................ 70 
4.3.4细菌群落多样性和结构组成在不同处理组间的变化 .............. 71 
4.4 讨论 ................................................................................................................... 77 
4.4.1病毒裂解产物的收集实验及对浮游细菌的影响 .................. 77 
4.4.2浮游病毒裂解产物对浮游细菌群落结构的影响 .................. 78 
4.4.3病毒裂解产物对于浮游细菌碳的贡献 .......................... 80 
4.5 本章总结 ........................................................................................................... 80 
第五章 一株海洋玫瑰杆菌 Dinoroseobacter shibae DFL12噬菌体的
分离与全基因组序列分析 ...................................................................... 82 
5.1 前言 ................................................................................................................... 82 
5.2 材料和方法 ....................................................................................................... 84 
5.2.1宿主细菌的培养和噬菌体的分离 .............................. 84 
5.2.2噬菌体电镜观察 ............................................ 85 
5.2.3噬菌体交叉感染检测 ........................................ 85 
5.2.4噬菌体生长曲线检测 ........................................ 85 
5.2.5噬菌体超离纯化和噬菌体 DNA的提取 ......................... 85 
5.2.6噬菌体基因组测序 .......................................... 87 
5.2.7噬菌体 vB_DshP-R1基因组序列的生物信息学分析 ............... 87 
5.3 结果与讨论 ....................................................................................................... 88 
5.3.1噬菌体 vB_DshP-R1的分离及其形态观察 ....................... 88 
5.3.2噬菌体 vB_DshP-R1的宿主范围及生长曲线 ..................... 89 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
IV 
 
5.3.3噬菌体基因组基本特征分析 .................................. 90 
5.3.4噬菌体主要功能基因 ........................................ 91 
5.3.5噬菌体基因组的可变区 ..................................... 101 
5.3.6噬菌体 vB_DshP-R1与宿主关系 .............................. 105 
5.4 本章总结 ......................................................................................................... 107 
总结与展望 ............................................................................................ 108 
参考文献 ................................................................................................ 110 
致谢 ......................................................................................................... 126 
攻读博士学位期间完成的论文 ............................................................ 127 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
V 
 
Content 
Chinese abstract ..................................................................................... IX 
Abstract ................................................................................................... XI 
Chapter 1 Preface ..................................................................................... 1 
1.1 Marine virioplankton ......................................................................................... 1 
1.1.1 Definition and current research status of marine virioplankton .......... 1 
1.1.2 Major progresses of marine virioplankton .......................... 3 
1.2 Ecology of marine virioplankton ...................................................................... 4 
1.2.1 Abundance and biomass of marine virioplankton .................... 9 
1.2.2 Marine virioplankton induced mortality of bacteria .................. 10 
1.2.3 Influences of marine virioplankton on the diversity of microbial structure 11 
1.2.4 Ecological effects of marine virioplankton ........................ 12 
1.3 Diversity and genomic research of marine virioplankton ............................ 16 
1.3.1 Genetic diversity of marine virioplankton ......................... 16 
1.3.2 Main detective methods ....................................... 16 
1.3.3 Isolation and genomic study of marine virioplankton ................ 17 
1.3.4 Roseophage of marine Roseobacter .............................. 18 
1.4 Design of this thesis and research significance .............................................. 19 
Chapter 2 Effects of viroplankton on the structure and activity of 
bacterial co mmunity in western Pacific ............................................... 21 
2.1 Background ....................................................................................................... 22 
2.2 Materials and Methods .................................................................................... 23 
2.2.1 Study site and experimental set-up ............................... 23 
2.2.2 Analysis of planktonic bacterial and viral abundance ................ 24 
2.2.3 Analysis of planktonic bacterial production ........................ 25 
2.2.4 DNA extraction.............................................. 26 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
VI 
 
2.2.5 Pyrosequencing and data analysis ............................... 27 
2.3 Results ............................................................................................................... 28 
2.3.1 Variation of planktonic bacterial and viral abundance, bacterial production
 ............................................................... 28 
2.3.2 Sequence information and diversity of bacterial co mmunities ......... 32 
2.3.3 Variation of bacterial co mmunity among different treatments ......... 33 
2.4 Discussion .......................................................................................................... 41 
2.4.1 Dynamic changes of planktonic bacterial and viral abundance, bacterial 
production ...................................................... 41 
2.4.2 Variation of bacterial co mmunity among different treatments ......... 42 
2.5 Conclusion and outlook ................................................................................... 44 
Chapter 3 Variation of response of planktonic bacteria to viral 
lysates in oligotrophic area in western Pacific ..................................... 45 
3.1 Background ....................................................................................................... 46 
3.2 Materials and Methods .................................................................................... 47 
3.2.1 Study site and experimental set-up ............................... 47 
3.2.2 Analysis of planktonic bacterial and viral abundance ................ 48 
3.2.3 Analysis of planktonic bacterial production ........................ 48 
3.2.4 DNA extraction.............................................. 49 
3.2.5 Pyrosequencing and data analysis ............................... 49 
3.3 Results ............................................................................................................... 49 
3.3.1 Variation of planktonic bacterial and viral abundance, bacterial production
 ............................................................... 49 
3.3.2 Sequence information and diversity of bacterial co mmunities ......... 51 
3.3.3 Variation of bacterial co mmunity among different treatments ......... 52 
3.4 Discussion .......................................................................................................... 59 
3.4.1 Collection of viral lysates ...................................... 59 
3.4.2 Dynamic changes of planktonic bacterial and viral abundance, bacterial 
production ...................................................... 60 
3.4.3 Variation of bacterial diversity and composition .................... 61 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
VII 
 
3.5 Conclusion and outlook ................................................................................... 62 
Chapter 4 Variation of response of planktonic bacteria to viral 
lysates in trophic area of coastal environment(Xiamen) ..................... 64 
4.1 Background ....................................................................................................... 65 
4.2 Materials and Methods .................................................................................... 66 
4.2.1 Study site and experimental set-up ............................... 66 
4.2.2 Analysis of planktonic bacterial and viral abundance ................ 66 
4.2.3 Analysis of dissolved organic carbon ............................. 66 
4.2.4 DNA extraction.............................................. 67 
4.2.5 Pyrosequencing and data analysis ............................... 67 
4.3 Results ............................................................................................................... 68 
4.3.1 Variation of planktonic bacterial and viral abundance ................ 68 
4.3.2 Variation of DOC concentrations during incubations  ............... 69 
4.3.3 Sequence information and diversity of bacterial co mmunities ......... 70 
4.3.4 Variation of bacterial co mmunity among different treatments ......... 71 
4.4 Discussion .......................................................................................................... 77 
4.4.1 Experiments of collection of viral lysates and its effect on bacterial and 
viral abundance .................................................. 77 
4.4.2 Variation of diversity and composition of planktonic bacteria ......... 78 
4.4.3 Carbon contribution of viral lysates .............................. 80 
4.5 Conclusion and outlook ................................................................................... 80 
Chapter 5 Isolation and genome sequence of Roseophage DFL12φ1, 
which infects Dinoroseobacter shibae DFL12 ....................................... 82 
5.1 Background ....................................................................................................... 82 
5.2 Materials and Methods .................................................................................... 84 
5.2.1 Incubation of host strains and isolation of phages ................... 84 
5.2.2 TEM of phage particle ........................................ 85 
5.2.3 Cross infection .............................................. 85 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
VIII 
 
5.2.4 Growth curve ............................................... 85 
5.2.5 Purification of phage particles and DNA extraction ................. 85 
5.2.6 Genome sequencing .......................................... 87 
5.2.7 Genome annotation and analysis ................................ 87 
5.3 Results and Discussion ..................................................................................... 88 
5.3.1 Phage isolation and plaque morphology ........................... 88 
5.3.2 host ranges and Growth curves .................................. 89 
5.3.3 General features of phage genome ............................... 90 
5.3.4 Main functional gene ......................................... 91 
5.3.5 Variable regions of phage genome .............................. 101 
5.3.6 Relationships between host and phage ........................... 105 
5.4 Conclusion and outlook ................................................................................. 107 
Conclusion and outlook ........................................................................ 108 
References .............................................................................................. 110 
Acknowledgements  ............................................................................. 126 
Publications ........................................................................................... 127 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘要 
IX 
 
摘要 
病毒是海洋生态系统中数量最多、多样性最为丰富的一类生命形式，具有极
为重要的生态地位。为了深入认识海洋浮游病毒及其裂解浮游细菌释放的裂解产
物的生态效应，本论文首先研究了西太平洋典型寡营养海区的浮游病毒对浮游细
菌的致死效应；接着研究病毒裂解产物如何在不同营养水平（寡营养和富营养）
特征的海洋水体中影响浮游细菌的生长、群落组成等生态特性。此外，本论文以
海洋生态系统中一类生态地位非常重要的浮游细菌-玫瑰杆菌（Roseobacter）为
研究对象，对其裂解性病毒进行了分离纯化和鉴定，为系统性地探索海洋病毒裂
解产物的生态效应奠定基础。本论文主要研究结果是： 
   （1）研究了西太平洋寡营养海区中浮游病毒对于浮游细菌种群的致死作用。
基于流式细胞计数法和高通量测序技术等手段，一方面，我们观察到浮游病毒在
模拟原位环境的培养体系中对浮游细菌丰度的增加及生长活性的促进方面有着
突出的作用，特别是在培养的中、后期；其中，高核酸含量细菌在模拟原位环境
的围隔实验中与细菌生产力、丰度成一定线性关系，它是细菌丰度变化和细菌生
长状况的主要参与者；培养体系中浮游病毒的存在显著限制了主要细菌类群
Rhodobacteraceae 的发展，但对 Sphingomonadaceae 和 Rhodospirillaceae 细菌类
群的生长有利；除此之外，发现有其他 11 个科的细菌类群对病毒致死作用不敏
感。围隔实验中，浮游病毒的存在一定程度影响着细菌群落组成、多样性的变化。
这些说明西太平洋寡营养海区中浮游病毒具有调控细菌丰度、种群结构、生长活
性的重要生态作用；在本研究区域内不同细菌应对病毒裂解作用的响应也进一步
证实浮游细菌受病毒感染的敏感程度不同。 
   （2）研究了西太平洋寡营养海区病毒裂解产物对于自然细菌群落的影响。结
果显示，由浮游细菌受病毒感染释放的裂解产物对应的碳量大约为 0.90-1.64 
µg/L/day；在模拟原位环境进行的培养实验中，该部分病毒裂解产物的利用对自
然浮游细菌种群尤其是 HNA 细菌类群的影响显著，包括对细菌生长的促进、丰
度的增长和稳定群落多样性等内容；与此同时，高通量测序结果显示不同细菌类
群响应病毒裂解产物的方式显著不同，主要为原位环境中生长活跃的稀有类群，
如 Rhodobacteraceae 和 Halomonadaceae；病毒裂解产物在环境中的作用具有同
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病毒致死作用相类似的生态功能。结合细菌、病毒丰度变化及病毒裂解释放量的
关系，估算了培养体系中释放的病毒裂解产物的利用率（占其裂解细胞总量的比
例）为 37.52-68.21%。这些说明浮游病毒的裂解致死功能及释放的裂解产物会是
该生态系统中非常重要的一类生态因子，而在之前往往缺乏对许多自然海区中病
毒裂解产物的生态效应的关注。 
（3）研究调查了富营养海区病毒裂解产物对于自然细菌群落的影响。结果
显示，由浮游细菌受病毒感染释放的裂解产物对应的碳量大约为 2.12-7.67 
µg/L/day，这明显与寡营养地区的影响程度不同；在模拟原位环境进行的培养实
验中，该部分病毒裂解产物的利用显著影响着自然浮游细菌的种群变化，包括一
些在近岸环境中常出现的细菌类群 Piscirickettsiaceae 和 Flavobacteriaceae。结合
细菌、病毒丰度变化及病毒裂解释放量的关系，估算了研究区域内释放的病毒裂
解产物的利用率（占其裂解细胞总量的比例）为 22.47-81.25%；这稍高于我们之
前研究的寡营养地区。这些结果表明富营养环境水体中的病毒裂解产物对维持浮
游细菌生长和群落多样性等方面具有较为突出的生态作用。 
（ 4）研究描述了一株 Dinoroseobacter shibae DFL12 的噬菌体——
vB_DshP-R1，它是第一株可感染玫瑰杆菌中 Dinoroseobacter 属的烈性噬菌体。
基于电镜观察和基因组序列分析，vB_DshP-R1 是属于短尾病毒科中的代表类群
N4-like 噬菌体。同目前已有的海洋 N4-like 噬菌体相比，尽管它们分离的环境相
差甚远，但 vB_DshP-R1 基因组结构同其他海洋 N4-like 噬菌体同源性高，包括
相对保守的转录基因，DNA 代谢基因，DNA 复制基因等。本研究证实了海洋生
态系统中一类非常保守的 N4-like 烈性噬菌体；构建此类海洋优势细菌与保守噬
菌体的侵染体系，将进一步有助于我们了解海洋病毒侵染与细菌抵抗病毒侵染机
制；也为能够系统性地研究海洋病毒裂解产物的生态效应奠定基础。 
关键词：海洋浮游病毒；海洋浮游细菌；病毒裂解产物；玫瑰杆菌噬菌体 厦
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Abstract 
Viruses are the most abundant and richest microbial groups of marine ecosystems, 
indicating being important roles in ecological processes. In order to better understand 
ecological effects of marine virioplankton and their viral lysates, this study was 
performed to simulate the lytic impact of virioplankton on planktonic bacteria in a 
typical oligotrophic area of the western Pacific, and the influence of natural viral 
lysates in the regulation of planktonic bacteria in different trophic levels (oligotrophic 
and eutrophic) of marine environments. Besides, it was also performed to study lytic 
phage-related aspects of an important marine bacterial clade (Roseebacter) and being 
the basis of further study about the ecological effect of its viral lysates. The main 
outcomes include: 
(1) Investigation on the lytic effect of virioplankton in bacterial populations was 
studied in a typical oligotrophic area of the western Pacific. The results were based on 
the utilization of flow cytometry and high-throughput sequencing technology and 
showed that the influence of virioplankton was significant and had more increasing in 
the abundance and growth of planktonic bacteria during the stimulated in situ 
incubation. During incubation, high-nucleic-acid (HNA) subgroup of bacteria was 
mainly involved and linear correlation with total bacterial production and abundance. 
Besides, based on the advantages of high-throughput sequencing technology, 
variations of bacterial co mmunity were showed to be significantly impacted by 
natural virioplankton, especially including the developments of in situ rare groups. 
These instructed that viruses had significantly roles in influencing the abundance, co 
mmunity structure and growth activity of natural marine bacteria; and the various 
responses of bacterial groups to the effect of viral lysis also confirmed their diverse 
susceptibilities to viruses. 
(2) Investigation about the effect of natural viral lysates on oceanic bacterial 
populations was studied in a typical oligotrophic area of the western Pacific. The 
results showed that, firstly, the released viral lysates were estimated during incubation 
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and approximately equal to 0.90-1.64 µg/L/day carbon content; secondly, supplement 
and utilization of these released products had significantly influence on growth and 
activity of oceanic bacterial populations, especially for the HNA bacteria. While, data 
from high-throughput sequencing of bacterial co mmunity was showed that planktonic 
bacteria had different developments for the supplement of natural viral lysates, mostly 
involving with in situ rare groups, like Rhodobacteraceae and Halomonadaceae. 
Furthermore, based on the combination of variations of bacterial and viral abundance 
and the experiential burst size, we also estimated the contribution of viral lysates in 
maintaining the growing bacteria and the results showed that 37.52-68.21% of lysed 
host cells were reused during incubation. These instructed that viral lysate was one of 
the important ecological factors as well as viral lysis in this oligotrophic area while its 
effect was previously lacked in many natural oceanic environments. 
(3) Investigation about the effect of natural viral lysates on coastal bacterial 
populations was studied in the trophic seawater. The results showed that the 
corresponding carbon content of the released viral lysates was approximately 
2.12-7.67 µg/L/day during incubation, while this was significantly different with the 
situation estimated from the oligotrophic area above. Supplement and utilization of 
these released products indicated that it had significantly influence on the 
developments of bacterial co mmunity in this coastal area, including some coastal 
bacterial populations like Piscirickettsiaceae and Flavobacteriaceae. Furthermore, 
based on the combination of variations of bacterial and viral abundance and the 
experiential burst size, we also estimated the contribution of viral lysates in 
maintaining the growing bacteria and the results showed that 22.47-81.25% of lysed 
host cells were reused during incubation，which was little higher than that of our study 
in oligotrophic area. These suggested that the ecological function of viral lysates was 
highlighted in this trophic marine environment. 
(4) One phage named ‘vB_DshP-R1’ was isolated from Dinoroseobacter shibae 
DFL12 in this study. It is the first virus to be identified infecting the sole species of 
the genus Dinoroseobacter in the Roseobacter clade. On the basis of its 
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morphological and genomic analysis, this phage was found to be similar to the N4 
phages, which was one of typical members of the Podoviridae. The genome was 
analysed and predicted to have sets of putative functional modules in transcription and 
replication. Some of those sequences seemed to be preferably conserved in most N4 
phages including genes of transcription, DNA metabolism and replication, although 
these phages were from distant habitats and infected diverse host bacteria. These 
apparent features confirmed an extensive and conservative N4-like lytic phage in 
marine environments and would improve our understanding on the interaction of N4 
phage and its host Dinorosoebacter co mmunity and systematically study the 
ecological effect of viral lysates in marine environments. 
Key words: Marine Virioplankton; Marine Bacterioplankton; Viral Lysates; 
Roseophage.
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